out through in situ, laboratory tests and back analysis of field performance data. The results of the laboratory tests have implication for both geoenvironmental engineering practice and for research. Refinement of the knowledge base of engineering parameters for MSW may assist in the safe, environmentally responsible design and operation of existing and future landfill. To reclaim the old dump sites/closed landfill sites for infrastructural development, it is necessary to know their geotechnical characteristics. The characteristics of waste change with time due to their degradation. Closed landfill waste mostly represents the characteristics of highly degraded wastes. Its mechanical behavior is of paramount importance in obtaining a safe and economical design [2] . MSW is known to be a heterogeneous material of varying constituent types and dimensions, containing elements that degrade with time. To consider MSW as a geo-material supporting the foundation of structures such as buildings and pavement, an analysis of the bearing capacity of the foundation and further long-term settlement of MSW as well as the basic geotechnical properties is necessary [3] .
In current days, dynamic properties of municipal solid waste are evaluated in the laboratory. However, laboratory tests have several challenges and disadvantages. Recovering undisturbed samples of MSW is not feasible in laboratory tests. Hence testing apparatus and MSW samples also need to be large to accommodate large waste particles that are not available [4] , Therefore, an Insitu testing method is ideal to evaluate dynamic properties of MSW is very promising and attractive.
For the design of landfill and seismic analysis, including seismic displacement estimation and site response analysis, need MSW properties. In the analysis major important input parameters include the dynamic properties of MSW are: the shear wave velocity or small-strain shear modulus, material damping ratio, shear modulus reduction versus shear strain. In additional other input parameters for the analysis are Poisson's ratio, MSW unit weight and dynamic shear strength. The above mentioned dynamic properties can significantly influence the site-specific seismic response of landfills and it is critical to characterize and envisage the dynamic properties of municipal solid waste.
Several researchers have been documented and characterized the dynamic properties of soil deposits and rocks. Literature suggests that the great number of investigators have estimated the dynamic properties of soil deposits and rocks using variety of methods, including laboratory testing (e.g. Hardin and Black [5] , Peacock and Seed [6] , Seed and Idriss [7] , Dyvik and Madshus [8] , Vucetic and Dobry [9] , and Darendeli [10] ) and field testing (Nazarin and Stoke [11] , Cox [12] , Rosenblad et al. [13] ). The advantage of the laboratory testing is that boundary conditions are well defined and testing parameters can be easy controlled. The major drawbacks of the laboratory test method are inconsistency of stress state between laboratory sample and the material in field. Field testing is not affected by the sample disturbance and the results obtained from the in situ field testing incorporate the complexity of the actual stress state. But this method is costly, time consuming and incapable of controlling some test parameters like drainage control and boundary condition. It requires a comprehensive understanding of the in situ testing methodologies. Both field and laboratory methods have been used to estimate the dynamic properties of MSW, to the author's understanding, very limited studies have been carried out to estimate the static and dynamic properties of MSW in field and laboratory. Hence, a comprehensive geotechnical laboratory & in situ dynamic properties of MSW study has been taken up to study their engineering properties of MSW from Mavallipura landfill site.
Materials and methods

Study area
Mavallipura landfill site has been selected for detailed study for characterization, potential for contamination and to explore methods of improving their geotechnical behaviour. Mavallipura landfill site is about 100 acres located in Mavallipura and about 35 acres is used for landfill (Fig. 1) .
The landfill was operated by M/s Ramky Environmental Engineers opened in 2007 can sustain about 600 tons of waste. However, the Bruhat Bengaluru Mahanagara Palike (BBMP) has been sending almost 1000 tons of garbage from Bangalore city every day. Citizens around Mavallipura village demand that the landfill site must be stopped immediately as it is illegal and unscientifically managed and thus it is now closed for land filling.
MSW sample collection
The MSW sample used in this study is the composted MSW reject collected from the Mavallipura landfill site, Bengaluru. The composted reject had particle sizes 35 mm to 4 mm. Composted MSW is then shifted to coarse segregation area having mechanical arrangements to segregate the rejects like plastic, cloth, metals, a glass of the size above 14 mm using rotary screen (trommel) of 35 mm and 15 mm sizes. Feeder, hopper and conveyor belts are provided with trommel for taking away rejects and semi-finished compost separately. Above semi-finished compost is then further shifted to curing section for further digestion. After curing, compost is shifted to refinement section that consists of vibratory screen or trommel of 4-6 mm size. Disposal of reject material (reject material like gravels, sand, stones, glass, metal and other inert materials above 4 mm are separated in this section). This reject material goes to landfill. Figure 2 shows the dry waste at the landfill site. From this heap, sufficient quantity of dry waste is collected and kept in the closed bags and carried to the laboratory for testing. Determination of geotechnical properties of MSW is very difficult due to the heterogeneity and a wide variety of particles in MSW.
Fig. 1 Mavallipura landfill
The particle size of land filled MSW components is too large to conduct the geotechnical properties in a laboratory test, hence the component of the land filled MSW is cut with scissors/crushed to a certain volume before the preparation of MSW samples.
A representative sample of the MSW is one that contains a subset of all the constituents of an MSW in a landfill in the same proportion as they are present in the target solid waste landfill.
• The sample is spread on the floor and thoroughly mixed by mechanical shovel.
• The sample is then placed in a uniform pile of approximately 0.8 m high in a square box.
• The uniform pile is divided into four quarters using straight lines perpendicular to each other. • A portion of the sample is collected from all the quadrants to have a representative sample.
• The process is repeated until the desired representative sample size i.e.10-20 kg is obtained.
Solid waste composition
Random manual sampling methods applied in this study and used to identify the MSW composition. MSW composition mainly depends on the several factors such as cultural traditions, food habits, socio-economic and climatic conditions. It also varies from place to place. The study was carried in Mavallipura landfill site with 100 kg MSW sample. The collected MSW sample is sorted physically in various ingredients such as paper, fiber, metals, soils, glass, and miscellaneous waste on a sorting platform. The individual components are separated and weighed. The weights are then expressed as a percentage of the original sample. The observed MSW composition as paper 22%, yard waste (garden waste) 10% plastic, 35% metals and glass 17%, wood 6% and miscellaneous waste (including textile, rubber, leather, ash, soil, stone.etc. 10% (Fig. 3) . Under wet conditions, organic waste such as kitchen waste usually become unidentifiable 2 or 3 months after placement in the landfill. Consequently, the mass of these organic products, which has not been transformed to energy or gas, is accounted for as ash, soil, stone… etc. 
Laboratory tests
The various laboratory tests were conducted as per the standard procedure established by the American society for testing and materials to determine the physical and geotechnical properties of the MSW.
Moisture content
Moisture content is defined as dry gravimetric moisture content: the ratio of the mass of water in a waste sample to the mass of solids in the waste sample expressed as a percentage. During the moisture content determinations, the temperature was maintained at 60 °C to avoid combustion of volatile materials. The average moisture content of MSW is about 36%, due to an operation carried out in a landfill. Zeiss and Major [14] reported that natural moisture content in wastes varies widely as a function of the time of year, the location of origin, the amount of rain, and amount of organic matter and has been reported to range from 20 to 72%. Beaven and Powrie [15] has presented that after landfilling the moisture content of the waste may increase through absorption of water by certain components of the waste such as paper, cardboard and textiles.
Specific gravity
The specific gravity test was carried out as per ASTM D [16] . Specific gravity is the ratio of the mass of unit volume of waste at a stated temperature to the mass of the same volume of gas-free distilled water at a stated temperature. The average specific gravity of MSW obtained was about 1.15. The lower value of specific gravity can be attributed to the presence of decomposed organic matter. The specific gravity is a basic material property used in the design calculations of the landfill. Knowing the specific gravity of MSW makes it easier to evaluate the values of voids ratio, porosity and degree of saturation. Nazli et al. [17] reported specific gravity of MSW from the United States; found that the average specific gravity was 1.377. Breitmeyer [18] determined the specific gravity of MSW landfill, United States, found that the 1.65. All the experiments were performed as per the standard procedure established by the American society for testing and materials. 
Grain size distribution
The particle size distribution test was carried out as per ASTM D [19] . The particle size distribution of waste constituents in the MSW is important because of its significance in the design of mechanical separators and shredder and waste treatment process. This particle size distribution varies widely. The mechanical behavior and decomposition of MSW are strongly influenced by the particle size distribution of the waste. Due to the presence of large particles and heterogeneity of the waste, the grain size distribution of MSW is extremely difficult to determine.
A set of one large sieves with opening diameters of 100, 50 and 20 mm were used to determine the gradation of waste collected from landfill. A particle size distribution curve describes the percentage by mass of particles of the different size ranges. The horizontal axis represents the particle size on a logarithmic scale. The vertical axis represents the percentage by weight of particles that are finer than a specific size on the horizontal axis. Figure 4 shows the typical gradation of MSW, and the MSW sample consisted of coarser particles with sizes ranging from 0.08 to 5 mm, but approximately 85% by weight basis of waste particles with sizes less than 10 mm. These results show that greater amounts of finer materials were present in the landfilled waste, which may be due to degradation of waste as well as the presence of daily cover soil.
Compaction test
Standard proctor compaction tests were carried out as per ASTM D [20] . The compaction curve of MSW sample shows a maximum dry density (MDD) of 7.0 kN/m 3 at an optimum moisture content of 50% (Fig. 5) . The results indicate that the maximum dry density may be achieved if the moisture content of the waste is increased near to the optimum compaction content of about 50%. The compaction characteristics of waste are close to the average values of MDD of 7.1 kN/m 3 and OMC of 58% obtained by Harris [21] for a landfill MSW in England. 
Permeability test
Constant head hydraulic conductivity tests carried out as per ASTM D [22] . The permeability of MSW is 4 × 10 −4 cm/s, and it corroborates with results reported by others in the literature. Kumar and Sahadat [23] reported that change in permeability might be due to the particle disintegration with decomposition and the resulting increase in the percentage of finer fraction. With the increase in the percentage of finer fraction, there might be a significant change in pore size, geometry and continuity resulting in the decrease of fluid flow. Korman et al. [24] indicated higher values of permeability of MSW, which might be attributed to the heterogeneity and reconstitution of the sample in the laboratory. With degradation the particle size of the degradable constituent in MSW was expected to decrease which might significantly influence the permeability of MSW. When the coefficient is higher than about 10 −4 cm/s the material is considered selfdraining, whereas coefficients lower than 10 −9 cm/s are considered impervious.
Compressibility test
Compressibility tests carried out as per ASTM D [25] . Pressure versus void ratio(elogσ) curves for each sample were obtained. Pressure-void ratio curve is plotted on a semi-logarithmic scale with effective pressure as the abscissa on the logarithmic scale and void ratio as the ordinate on an arithmetic scale, the virgin curve becomes a straight line. The compression index represents the slope of the linear section of the pressure-void ratio curve and remains constant within a fairly large range of pressures. Pressure versus void ratio relationship for MSW is shown in The secondary compression coefficient (C α ) were determined from the slope of the straight-line portion of compression versus log time plot (Fig. 8) beyond the primary consolidation, the secondary compression coefficient (C α ) values found to be 0.071. Hossain et al. [27] has conducted laboratory tests for MSW and showed that the compression index varies from 0.16 to 0.37, and secondary compression coefficient (C α ) varied between 0.02 and 0.07. Thus, the values obtained in this study are in very good agreement with values reported earlier elsewhere.
Direct shear test
Direct shear tests carried out as per ASTM D [28] . During this study, the MSW sample exhibited continuous strength gain with an increase in shear strain (16%) to define strength. At present, there is no standard cut-off displacement value is used to define MSW shear strength. Based on the literature often uses 10-20% deformation is used to define MSW shear strength (Gabr and Valero [29] ). Many researchers have observed and reported the behavior of MSW (Grisolia et al. [30] ). Hence, it is recommended that the shear strength of MSW be displacement dependent. Figure 7a shows the shear stress versus horizontal displacement for MSW. Figure 7b shows the volumetric strain versus shear strain for MSW. From this graph we can observe MSW is getting continuously compressed due to breakage of particles. Hence there is no swelling/dilation. The shear strength parameters were calculated based on the Mohr-Coulomb failure criteria. Based on the analysis of the data, the cohesion of MSW was 10 kPa and friction angle is 34°. The lower cohesion value of the Mavallipura landfill MSW specimen may be related to the type of fibrous material, mostly paper/cardboard that, in general, has a lower tensile strength than plastics, particularly if it is saturated. Table 1 shows the direct shear test result of MSW. In MSW, sample exhibited continuous strength gain with an increase in shear strain. Due to interlocking of fibrous materials resulting in the development of cohesion within the MSW material with increasing strain. The fibrous elements mostly thin plastic and textiles, responsible for the reinforcing or the 'cohesive' component of strength. Further, the tensile strength of these fibrous materials will decrease with elapsed time due to decomposition processes. For waste similar to our results has been reported by Tony et al. [31] . The tests were conducted for waste and the cohesion mobilized at a strain level of 10% was found to decrease from 23 to 0 kPa and the mobilized friction angle at the same strain level increases from 9.9° to 26° Tony et al. [31] . Howland and Landva [32] conducted direct shear tests on MSW and the resulting shear strength properties reported 16 kPa and 33°. Gabr and Valero [29] reported the shear strength properties ranged from 0 to 28 kPa and 20-39° for landfilled MSW. Reddy et al. [26] has reported based on direct shear tests, drained cohesion and friction angle were varied in the range of 12-64 kPa and 31-35° for a land filled MSW. Thus, the shear strength parameters obtained are within the range of values reported in the literature.
Shear modulus from shear stress-shear strain curve
The modulus and Poisson's ratio mainly depend on the drainage conditions and are estimated from experimental shear stress-shear strain relationships obtained from the direct shear test. At the initial stage of the shear, stress-shear strain curve is nearly linear dependence, but shear modulus strain of MSW is a very small due to the overall value of the strain of MSW. Since, the shear stress-shear strain behavior obtained is not linear (Fig. 8) , an initial tangent modulus is selected. The shear modulus (G) and elastic modulus (E) characterize the MSW stiffness as shown in Table 2 . In MSW particles are closed packed, hence the modulus tends to be high this can be measured by the density. As the confining stress increases, the elastic 
Triaxial test
Triaxial tests carried out as per ASTM D [33] . The triaxial test is repeated on different MSW samples with different confining pressure (50 kPa, 100 kPa, 150 kPa) and the results are interpreted by plotting the Mohr's circles as shown in Fig. 9 . The minor principle stress (σ 3 ) is the confining pressure and total stress (σ 1 − σ 3 + σ 3 ) = σ 1 is the major principal stress, horizontal and vertical planes are the principal planes. By plotting different Mohr's circles from different tests and common tangent to them gives the shear strength parameter cohesion 10 kPa and friction angle was found to be 37°. Table 3 shows the triaxial test result of MSW. In the triaxial test, the MSW sample exhibited continuous strength gain with an increase in axial strain. Frictional component is increased due to sliding and rolling of fibrous particles over one another resulting in the development of apparent cohesion due to interparticle bonds within the MSW material. 
Elastic modulus from stress-strain curve
Elastic materials are materials that return to their original configuration on unloading and obey Hooke's law. In a triaxial test with constant confining stress and increase deviator stress gives a direct measure of undrained modulus, E u is obtained from the undrained triaxial test data (Fig. 10) , while drained test conditions, drained modulus E d is obtained. Young's modulus decreases with increasing deviator stress, and at a peak of the stressstrain curve the tangent modulus becomes zero deviator stress. The deviator stress equal to 1/2 or 1/3 of the peak deviator stress (Lambe and Whitman [34] ,). Unconsolidated undrained triaxial tests data tends to produce a usable value of Secant modulus (E s ), since any confining pressure (stiffness) of the MSW so that a secant modulus is obtained. At initial stage deviator, stress-axial strain curve is linear, but the elastic strain of MSW is a very small due to the overall value of the strain. Table 4 shows the elastic constants obtained from the unconsolidated undrained triaxial test. An increase in the confining stress increase the elastic constants (elastic modulus and shear modulus) increases. The elastic constants values obtained from unconsolidated undrained triaxial test falls within the recommendations of stressstrain modulus (E s ) (Gopal Ranjan and Rao [35] ). The material is found to be very soft. 
Pulse velocities and ultrasonic elastic constants
The pulse velocities and ultrasonic elastic constants of MSW testing were carried out at different densities as per ASTM D [33] . Sample preparation is shown in Fig. 11 . The results obtained from the ultrasonic test clearly indicates that the with increase in density the sample became denser hence voids gets reduced, and P pulse propagation velocity (V p ) increases. The elastic constants determined by the ultrasonic test method. Since the pulse frequencies used are above the audible range. Table 5 shows the elastic constants obtained from the ultrasonic test. An increase in the density the shear wave velocity and elastic constants (elastic modulus and shear modulus) increases. The elastic constants values obtained from ultrasonic test shows higher values when to compare with the unconsolidated undrained triaxial test.
Field tests
Seismic survey carried out in Mavallipura landfill site
The Mavallipura landfill was surveyed up to a length of about 35 m at the top level. A total of eight boreholes consisted of uncompacted waste up to a depth 6 m. Initially, landfill area is divided into three grids. Grid one consists of two bore holes and grid two and grid three consists of three boreholes each (Fig. 12) . The active one-dimensional MASW survey carried out the exact same place where eight borehole data is available. The typical MASW test setup used for the present study consists of 24-channel geode seismograph and 24 geophones of 4.5 Hz capacity. Seismic data were recorded using Geode seismograph, and seismic waves are created by the sledgehammer (5 kg) ( Fig. 13 ) with 300 mm × 300 mm size hammer plate with ten shots, geophones capture these seismic waves. The captured Rayleigh wave is further analysed using SurfSeis program developed by the Kansas Geological Survey. The seismic survey can be used to measure the small-strain shear wave velocity (V s ) for evaluating the dynamic properties of MSW in the subsurface. The shear wave velocity was used to characterize the MSW and assist in the selection of MSW material properties. The active one-dimensional MASW survey carried out the exact same place where eight borehole data is available. Figure 14 shows the shear wave velocity increases with depth from approximately 35 to 150 m/s.
Shear wave velocity (V s ) and small-strain shear modulus (G max ) are important parameters in a broad spectrum of geotechnical engineering analyses, such as seismic response analysis, machine foundation analysis, and soil-structure interaction analysis. These properties can also be used as an index of material characterization and are useful to assess settlement estimates. Equation 1 presents the relationship between the shear wave velocity and the small strain shear modulus.
where ρ is the mass density. Table 6 shows the Average values of shear wave velocity measured at the site. There different averages were estimated. The NEHRP shear wave velocity (V s ) assigned to the subsurface at a specific site is calculated using the following formula:
where V s = the NEHRP shear wave velocity; V si = the shear wave velocity of any layer in m/s; di = the thickness of any layer (between 0 and 30 m).
Based on the MASW test results, site conditions were defined according to a geotechnical classification system used by NEHRP. Site type E corresponds to soft material and average shear wave velocity would be < 180 m/s.
(1) 
Cyclic plate load test
Cyclic plate load tests are carried out as per the ASTM D [36] . Tests were carried out on 600 mm square plate. The load on the test plate was applied through a tipper truck in increments of 250 kPa (Fig. 15) . After recording the final settlement at each stage, the plate was unloaded completely, and the subsequent elastic rebound of the plate was measured by means of dial gauges. From Fig. 16 , we can find that the curve obtained using PLAXIS 2D simulations is close to field test results. The failure occurred in 5th load increment itself. The maximum bearing capacity of 250 kPa was observed. The elastic rebound of the footing plate was recorded at every loading and unloading cycle. 
Numerical simulations using PLAXIS-2D
To examine the cyclic plate load tests, in this paper, the load settlement responses of vertically loaded footings placed on municipal solid waste were analyzed using finite element program. The numerical simulations were performed using PLAXIS 2D, version 9, has been used to model a cyclic plate load test. The plate size is 600 mm and 25 mm thick. The axisymmetric approach had been selected in the simulations (Fig. 17) . The municipal solid waste profiles and parameters used in the simulations were based on in situ tests. The soft soil model was used as a material model to analyse the waste behaviour. Finally, the bearing pressure-settlement curves obtained from finite element simulations were compared with those from in situ cyclic plate-load tests and see whether they are well fitted. Table 7 shows the physical and mechanical properties of the municipal solid waste layer. From the in situ cyclic bearing pressure-settlement response, the elastic rebound was calculated for each plate load test. The elastic rebound was plotted against the bearing pressure for the different plate size as shown in Fig. 18 . The slope of this curve is referred to as the coefficient of elastic uniform compression (C u ). From the C u , the other elastic constants were evaluated. These elastic constants have the major importance in the design of the machine foundations. From the in situ cyclic plate load test, elastic constants were found to be 738.7 kPa/mm and 686 kPa/mm for PLAXIS 2D. The value of dynamic shear modulus, G is important parameter in the seismic response analysis of MSW landfill deposit during an earthquake is established from the values of elastic uniform compression (C u ) using the following relations, where µ = Poisson's ratio; C u = elastic uniform compression; A = area of the plate size E = Young's modulus. Table 8 clearly indicated that the in situ elastic constants shows slightly higher value when compared with PLAXIS 2D.
Interpretation of test results
The shear modulus is affected by number of parameters such as, the shear strain amplitude, confining pressure, and the density are the important. Since the confining pressure and order of strain level associated with different in situ tests are different, hence tests may be expected to show a wide variation, as the strain associated with, MASW testing and ultrasonic test is very small strain and that the with cyclic triaxial and cyclic plate load test is very large strain. Hence, rational approach is needed to arrive at a suitable design value (Bharat Bhushan Prasad [37] ).
where G1 and G is dynamic shear modulus for the prototype and from the field test. σ 01 , σ 0 is mean effective confining pressure, associated with prototype foundation and the in situ test; m is the constant depending upon the type of MSW, etc. Suppose, in the situations where the high strains levels are associated as in the case of seismic response analysis of MSW landfill conditions, the effect of strain level shall be considered along with that of the confining pressure. The value of dynamic shear modulus from various field tests may first be reduced to the same confining pressure and their different strain levels may be achieved at an appropriate value corresponding to the expected strain level.
Conclusions
The range of variation of geotechnical properties for the analysis of MSW landfill/reclamation was estimated by various laboratory and field tests were reasonable accuracy. Based on the MASW testing data, laboratory cyclic triaxial test, ultrasonic test and field cyclic plate load test data, variation of dynamic properties with strain level. This can be used for carrying out seismic ground response analysis of the MSW landfill site. Major conclusions of this paper are as follows.
• The static and dynamic testing methods are the two main types of tests that are periodically used to assess the properties of MSW. The static test is conducted at low strain and takes longer time than the dynamic test, which is conducted at considerably higher strain.
• It can be concluded that there is good comparison of bearing pressure-settlement relation obtained through in situ cyclic plate load test and that obtained by numerical methods.
• The MASW were implemented to measure shear wave velocity profiles in Mavallipura landfill. These methods are attractive as they are non-instructive, reliable and efficient. These methods were capable of estimating shear wave velocity profile of MSW up to 23.7 m depth. Based on MASW survey, the site characterization at Mavallipura landfill site, it was found that the landfill site can be categorized as very loose and it is still in a degradation process.
• Based on NEHRP classification system, the site type E corresponds to soft material and average shear wave velocity would be < 180 m/s.
